Temporal streams are vitally important for hydrology and riverine ecosystems. The identification of wet channel networks and spatial and temporal dynamics is essential for effective management, conservation, and restoration of water resources. This study investigated the temporal dynamics of stream networks in five watersheds under different climate conditions and levels of human interferences, using a systematic method recently developed for extracting wet channel networks based on light detection and ranging elevation and intensity data. In this paper, thresholds of canopy height for masking densely vegetated areas and the 'time of forward diffusion' parameter for filtering digital elevation model are found to be greatly influential and differing among sites. The inflection point of the exceedance probability distribution of elevation differences in each watershed is suggested to be used as the canopy height threshold. A lower value for the 'time of forward diffusion' is suggested for watersheds with artificial channels. The properties of decomposed and composite probability distribution functions of intensity and the extracted intensity thresholds are found to vary significantly among regions. Finally, the wet channel density and its variation with climate for five watersheds are found to be reasonable and reliable according to results reported previously in other regions.
INTRODUCTION
Temporary streams, which naturally cease to flow and dry up along their course are essential to the integrity of the entire water environment (Acuña et al. ) . Intermittently flowing streams have been found to greatly support the majority of river networks (Fritz et al. ) . A conservative estimate shows that intermittent streams constitute more than 30% of the total length and discharge of the global river network (Tooth ). Nowadays, many water courses that were once perennial also undergo temporary flow regimes due to the changing climate or as a result of anthropogenic effects, such as water extraction, land use change, and reservoir construction and operation (Zhang et al. , ) . Therefore, a better recognition and understanding of temporary streams can mitigate the likelihood of natural hazards from various sources and systems, such as flood, water contamination, and ecosystem degradation.
Information on temporary streams and channels is usually limited due to less availability of monitoring data and relative inaccessibility of the site. Airborne light detection and ranging Among the five watersheds, Taowan suffers from strong anthropogenic impacts due to the high level of urbanization in the area, whereas the human impacts and urbanization are minimal in the other four watersheds.
LiDAR and streamflow data
Two sets of LiDAR data are utilized in this study, one for watersheds in China and the other for watersheds in the USA (Table 1) 
METHODOLOGY
The signal intensity of ground returns, normally represented by DN (digital number) units, is the main information that can be utilized to distinguish wet channels from dry ones.
As water has a strong ability to absorb the light energy, the LiDAR intensity returned from water surface usually possesses lower values than that from a dry surface (Höfle et al. ) . 
Masking dense vegetation in intensity maps
LiDAR records the intensity of returned energy from each Besides the intensity returns, the LiDAR data also provide elevations at different surfaces. In this study, a pixel is marked as densely vegetated if the elevation of canopy surface (h c ) is strongly higher than that of the ground surface (h g ). For this, a threshold factor h t , representing the canopy height, is introduced to map the densely vegetated areas. Therefore, a pixel is marked as densely vegetated and is omitted from the intensity map if the condition in Equation (1) is satisfied:
Note that h t varies with study regions considering the local canopy characteristics. A threshold value of 2 m was applied by Hooshyar et al. () . Considering the local canopy characteristics and its subsequent effects on wet pixel identification, h t is set to 3 m for Tantou, Taowan, Twin Creek, and Shotgun Creek watersheds, and 4 m for Kauai watershed. The impacts of h t are discussed further in the section 'Results and discussion'. The identified densely vegetated areas using Equation (1) and the intensity map after masking out these areas are shown in Figure 5 .
Extracting valley extent and network
Since wet channels lie within topographically convergent regions referred to as valley, it is more accurate and efficient 
where z x and z xx (z y and z yy ) represent the first and second derivative of elevation (z) with respect to x (or y). z xy is the first derivative of z x with respect to y.
In the first step of DEM smoothing, a parameter referred to as 'time of forward diffusion' and denoted by T F was employed, which is the number of iterations for the numerical representation of derivatives for smoothing (Hooshyar et al. ) . In this study, T F was set to 50 for Tantou, Twin Creek, Shotgun Creek, and Kauai watersheds, and 2
for Taowan watershed. The impacts of T F are discussed in the section 'Results and discussion'. The tangential curvature map derived from a DEM is shown in Figure 6 (a).
Further, the valley extent is generated by imposing a relatively small curvature threshold (κ v ) to the curvature map. The intensity return within the identified valley extent with the absolute value of curvature greater than or equal to Figure 6 (b). The final valley network is generated by eliminating the first-order valley segments with length less than 25 m.
Decomposing composite PDF of intensity
The signal intensity varies with land surface characteristics, and the variation can be represented by the PDF of intensity.
Assuming the intensity from a single type of surface follows a Gaussian distribution, the composite PDF of intensity can be decomposed into several modes of Gaussian distributions, which can be represented by a Gaussian mixture model (GMM). GMM with N modes is given in Equation (3) (Rasmussen ):
where f is the Gaussian mixture distribution, G(μ i , σ i ) is an individual Gaussian distribution for mode i with a mean of 
Detecting edges
As water surfaces have lower intensity values than their surrounding surface, the edges at the border of wet channels are visually detectable, as shown in Figure 8(a) . Here, the edges are detected using the Canny method (Canny )
based on the gradient of intensity returns. The intensity map is firstly smoothed using the Perona-Malik filter to remove the noise and calculate the gradient of the image (Perona & Malik ) , and then the magnitude and direction of the gradient are computed using Equations (4) and (5):
where l x and l y are the local intensity gradients in the horizon- 
Identifying wet pixels
The wet pixels are identified based on the decomposed intensity PDFs and the detected edges in the prior steps.
Any pixel that satisfies either of the following two criteria is marked as wet: (1) pixels with intensity less than or equal to I w ; (2) pixels with intensity higher than I w and less than I d , and edges are detected within 1 m. The result of identified wet pixels for partial Shotgun watershed is shown in Figure 9 .
Generating wet channel network
The wet channel network is extracted based on the valley network delineated from the DEM and the wet pixels identified from the intensity returns, as explained above.
However, Hooshyar et al. () found that the valley network does not always overlie the wet pixels, leading to a disconnection of the wet channel network. With regard to this issue, three rules were applied for extracting wet Table 2 .
It is found that when h t equals to 3 m, a large portion of the total PDF of intensity is occupied by the transition and dry modes (Figure 11(a) ), and these two modes are not clearly distinguished. The reason is that more pixels are regarded as dense vegetation and those that have a lower (¼12 DN), the scattered wet pixels on the hillslope in Figure 12 (a) are eliminated. There are no apparent distinctions on the spatial distributions of wet pixels among these three thresholds; the total number of wet pixels increased slightly with the increase of h t due to the fact that less pixels were removed when a higher value of canopy height threshold was used. Since the final wet channels are generated by overlaying the identified wet pixels onto the existing valley network, the increased wet pixels will not greatly affect the final wet channel extraction.
To better understand canopy height characteristics in the study area, the PDFs of elevation difference between the top of the canopy and the ground surface are plotted in Figure 13 for the five watersheds. To eliminate the noise in the data, the data with an elevation difference within the range of 1.5 m and 10 m were selected. All the figure panels show an inflection point, at which there is a transition for the slope of the curve. The transition point can be used as the threshold, since it indicates a general condition of the canopy height in the area. Therefore, in this study considering the local canopy characteristics and the PDFs of canopy height, a threshold value of 3 m is given for Tantou, Taowan, Twin Creek, and Shotgun Creek watersheds, and 4 m for Kauai watershed.
Parameter for DEM filtering
To extract the valley network, Perona-Malik filter was applied in this study to smooth the DEM, which employs a parameter referred to as time of forward diffusion, T F .
Higher values of T F produce rougher contours at channels and ridges, but reduce more noise and eliminate more insignificant features. After several trials of different values of T F , it was found that in the watersheds of Tantou, Twin Creek, Shotgun Creek, and Kauai a value of 50, which was also suggested by Sangireddy et al.
() and Hooshyar et al. () , is appropriate in reducing 
Intensity thresholds
As discussed above, the intensity thresholds, derived by decomposing the overall PDF of intensity into several individual Gaussian distributions, are essential for further differentiating wet and dry pixels. The PDFs of intensity along with the extracted modes (i.e., wet, transition, and dry) for four watersheds (Shotgun is shown in Figure 7 ) are shown in Figure 16 . The wet (I w ) and dry (I d ) thresholds for the study watersheds are summarized in Table 3 . The thresholds vary significantly among sites due to the differences in LiDAR sensor, scan angle, altitude change, atmospheric condition, and soil moisture. In Tantou watershed, the composite PDF presents a tardy increase at the lower intensity range, followed by a sharp increase when the intensity is larger than 600 DN (Figure 16(a) ). This could be attributed to the precipitation that occurred a few increase rate at lower intensity range (Figure 16(d) ). These may be due to the relatively larger annual precipitation as well as the mild and humid climate all year round in the region.
As stated above, three modes corresponding to the surface types of wet, transition, and dry, are considered appropriate for watersheds less influenced by human activities. This is also true for the five watersheds predominantly covered by forest and shrub areas around Lake Tahoe, as reported by Hooshyar et al. () . However, in the Taowan watershed presented here, only two types of ground surface, wet and dry modes, are generated through the decomposing process (Figure 16(b) ). This is probably due to the strong human activities in the area that further result in a complexity of land cover, low soil moisture, and minimal transition areas. In this case, I w is defined as the intensity at the intersection of the wet and dry PDFs.
Wet channel network
The methodology discussed above is employed to extract wet channel networks for the five watersheds, as presented in Figure 17 . The associated valley length, wet channel length as well as valley density and wet channel density that are defined as the ratio of valley length and wetted channel length to total drainage area, respectively, are two watersheds have a similar climate condition and the LiDAR surveys were conducted using the same system on October 25, 2014, the small discrepancy in wet channel density is due to the different levels of human impact, i.e., Tantou watershed is less influenced by human activities so that the natural condition (e.g., canopy cover) beneficial to the formation of wet channels is largely maintained. In addition, precipitation occurred a few days prior to the LiDAR surveys at Tantou and Taowan watersheds, resulting in relatively larger wetted channel density in these two watersheds although the mean annual precipitation is low. The results generated at each step during the processes of wet channel extractions for five watersheds were compared and analyzed. Generally, the composite intensity PDF can be decomposed into three modes, referred to as wet, transition, and dry modes; whereas for Taowan watershed, only wet and dry modes could be generated, indicating a minimum effect from transition zones in the area. In addition, properties of the composite PDFs and the decomposed individual PDFs of intensity behave differently among the three regions (Taowan and Tantou, Twin
Creek and Shotgun Creek, and Kauai) due to the differences in climate conditions, levels of human impact, and LiDAR acquisition systems. Finally, the generated wet channel density and the change in density with climate conditions were found to be reasonable and reliable according to results reported previously in other regions.
The comparative analysis conducted in this study emphasized the applicability of the proposed method using different LiDAR systems and parameter settings (e.g., point density, scan angle and altitude, canopy height, time of forward diffusion), and more importantly, it has provided valuable insights for understanding the temporal dynamics of stream networks in various watersheds considering different climate and human interference conditions.
